The incA gene product of ColE2-P9 and ColE3-CA38 plasmids is an antisense RNA that regulates the production of the plasmid-coded Rep 
substitution of amino acid sequences at specific regions in the C-terminal portions of the Rep proteins. For plasmids of four IncA specificity types, the nine-nucleotide sequences at the loop regions of the stem-loop structures of antisense RNAs are identical, suggesting an evolutionary significance of the sequence. The mosaic structures of the replicon regions with homologous and nonhomologous segments suggest that some of them were generated by exchanging functional parts through homologous recombination.
Colicin E plasmids (ColE plasmids) encode colicins which use the host btuB gene product on the bacterial membrane as the mediator for their bactericidal actions (12, 35) . The specificity of the colicin-immunity protein interaction was used to classify colicins into nine subtypes. Restriction analyses have revealed some structural similarities among plasmids ColE2 to ColE9 (8, 32, 76, 77) , whereas the ColEl plasmid ColE1-K30 is structurally distinct (9) . These ColE plasmids other than the ColEl plasmid will be collectively called ColE2-related plasmids (Table 1) . Plasmid incompatibility between some of ColE2-related plasmids has been examined by measuring mutual exclusion. Plasmids ColE3-CA38, ColE7-K317, and ColE8-J belong to one incompatibility group (11, 39) , and plasmids ColE5-099, ColE6-CT14, and ColE9-J belong to another incompatibility group (11) . Plasmids ColE2-P9 and ColE3-CA38 require plasmid-coded Rep proteins (19, 22) and host DNA polymerase I (25, 66) for plasmid replication. The Rep protein binds to the origin in a plasmid-specific manner (23) and synthesizes a unique primer RNA (ppApGpA) for initiation of the leading-strand DNA synthesis by DNA polymerase I at the origin (68, 69; see Fig. 1 and 5 ). The specificity of interaction of the origins with the Rep proteins is determined by the absence or presence of a single base pair in the origin (80) . Cloned origins exclude autonomously replicating plasmids (IncB function) in a plasmid-specific manner due to competition for the Rep proteins (67) . A pair of derivatives of ColE2-P9 or a pair of derivatives of ColE3-CA38 exclude each other very efficiently. The expression of the rep gene is regulated negatively at a posttranscriptional step by the incA 7234 HIRAGA ET AL. 
MATERIALS AND METHODS
Bacterial strains and plasmids. The Escherichia coli K-12 strains used are RRlbtuB (4, 36) , JM109 (79) , AGlrecAJ (17) , and AKlOlrecA::TnlO (57a), a derivative of JM103 (38) . Other bacterial strains have been described elsewhere (19, 70, 80) . Plasmids used are pUC118 and pUC119 (74) and the 17 ColE plasmids listed in Table 1 . Other plasmids have been described elsewhere (19, 72, 80, 81) except for those described below.
Construction of plasmids. An autonomously replicating derivative of each ColE2-related plasmid carrying a chloramphenicol resistance gene (pEC series) was constructed by ligating the 1.2-kb fragment containing the resistance gene (19) via BamHI linkers with an appropriate fragment of each ColE2-related plasmid as follows: the 2.4-kb PvuII fragments of ColE2-K321, ColE2-GEI288, ColE2-GE1554, ColE2-GEI602, ColE5-099, ColE8-J, and ColE9-J; the 2.0-kb PvuIIPstI fragment ColE2-CA42; the 1.5-kb HincII-BglI fragment of ColE2imm-K317; the 2.3-kb BglII-PvuII fragments of ColE4-284, ColE4-CT9, and ColE4-K365; the 1.8-kb HincII-BglI fragments of ColE6-CT14 and ColE6-Ind8; and the 2.3-kb HincII-PstI fragment of ColE7-K317. Plasmids carrying the two fragments in different orientations are named as described for pEC21 and pEC22 (19) , and each plasmid is distinguished by a suffix representing the original plasmid; e.g., pEC22-CA42 derived from ColE2-CA42. A derivative of pNT51incl,2 (72) carrying the incA or incB region of each plasmid (pTI51A or pTI51B series, respectively) was constructed by replacing the BamHI-Eco47III or BamHI-EcoRV fragment with an appropriate fragment of each plasmid of the pEC series: the 0.6-kb BamHI-HincII fragments of pEC22-CA42, pEC52, pEC72, and pEC92; the 0.7-kb BamHI-HincII fragment of pEC22imm; the 0.6-kb BglII-HincII fragment of pEC42-CT9; and the 1.1-kb BamHI-ClaI fragments of pEC62-CT14 and pEC82 for the pTI51A series; and the 1.8-kb BamHI-HincII fragments of pEC22-CA42, pEC52, pEC72, and pEC92; the 0.8-kb BamHIHincII fragment of pEC22imm; the 1.7-kb BamHI-HincII fragment of pEC42-CT9; and the 1.3-kb BamHI-ClaI fragments of pEC62-CT14 and pEC82 for the pTI51B series. Each plasmid is distinguished by a suffix; e.g., pTI51A2-CA42 carries the fragment derived from ColE2-CA42.
Media, enzymes, antibiotics, and chemicals. L broth (43) and Terrific broth (55) were as described previously. Enzymes, antibiotics, and chemicals were from commercial sources.
Incompatibility test. RRlbtuB cells harboring each of the original ColE2-related plasmids were transformed with plasmids carrying the cloned segments containing the incA regions (pTI51A series) or the incB regions (pTI51B series) of ColE2-P9 and ColE3-CA38 and the corresponding segments of representatives of other ColE2-related plasmids. The resultant transformants were selected only for the incoming plasmids and then tested for production of the colicins specified by the resident plasmids, using E. coli N100 as an indicator strain. N100 cells harboring each of the autonomously replicating derivatives of ColE2-related plasmids (pEC series) were transformed with plasmids of the pTI51 series and selected only for the incoming plasmids as described above. The resultant transformants were then tested for the drug resistance determined by the resident plasmids. The presence or absence of the resident plasmids was judged after incubation for 6 h at 37°C or for 12 h at 30°C. This procedure was repeated at least three times to confirm whether the resident plasmids were stably maintained.
DNA manipulations. Most DNA manipulations were performed as described previously (55) . Nucleotide sequences were determined essentially as described previously (56) , using a T7 sequencing kit (Pharmacia) on both strands of DNA for most of the sequenced regions described in this report; for the remaining several short regions of some plasmids, overlapping fragments of one strand were sequenced.
Computer analysis. DNA and amino acid sequence analyses were performed by using DNASIS sequence analysis software (Hitachi Software Engineering Co., Ltd., Kanagawa, Japan). Regions of ColE2-related plasmids sufficient for autonomous replication. Restriction analyses (8, 32, 76, 77) (Fig. 1) have suggested that each of these ColE2-related plasmids contains a region which shows a certain structural similarity to the region of ColE2-P9 or ColE3-CA38 containing the 1.3-kb segments sufficient for autonomous replication (19) . The fragment of each ColE2-related plasmid containing the corresponding region ligated to the fragment containing a chloramphenicol resistance gene as described in Materials and Methods results in an autonomously replicating plasmid (data not shown). Plasmids composed of these two fragments joined in either orientation were obtained. Fine restriction maps of the cloned regions of the nine representative ColE2-related plasmids ( Fig. 1) further revealed structural similarities in the replicon regions of these plasmids.
Specificities of IncA and IncB functions of ColE2-related plasmids. We then cloned a segment of each of the nine representative plasmids (shown in Fig. 1 ) corresponding to that of ColE2-P9 or ColE3-CA38 carrying the incA or incB gene and examined whether the cloned segments exclude these ColE2-related plasmids (data not shown). We found four new IncA specificity types and two new IncB specificity types (Table  1) . Consequently, there are five IncA types and four IncB types in total, and 9 combinations of them among 20 possible ones were found. All of these results demonstrated that these plasmids are interrelated by sharing either one or both of the IncA and IncB specificity types, indicating that they have identical basic mechanisms of initiation of replication and its control.
Plasmids ColE6-CT14 and ColE6-Ind8 were revealed to be indistinguishable and to carry the second replicons in the additional 4-kb regions unique for these plasmids (data not shown). The plasmid carrying only the second replicon is present at a few copies per host chromosome and seems to be different from any of these ColE2-related plasmids. The asymmetry of incompatibility against ColE5-099 and ColE9-J exhibited by ColE6-CT14 (11) and ColE6-Ind8 (data not shown) is readily explained by the fact that they are composite plasmids.
Nucleotide sequences of the replicon regions of ColE2-related plasmids. We determined the nucleotide sequences of the replicon regions of the nine representative ColE2-related plasmids ( Fig. 2 ) and compared them with those of ColE2-P9 and ColE3-CA38 (80) . These The amino acid sequences of the N-terminal regions of the (putative) Rep proteins (positions 1 to around 180; Fig. 3 ) may be divided into two groups: one with ColE2-P9 and ColE3-CA38 and the other with the remaining plasmids. Amino acid sequences of the adjacent regions (around positions 180 to 240) are highly conserved among all of these plasmids. Many of the amino acid substitutions among them are conservative. These results suggest that the two adjacent regions may be involved in the primase activity presumably common to all of these Rep proteins.
On the other hand, the remaining C-terminal regions are almost identical in plasmids of the same IncB specificity groups but are considerably different among plasmids of different IncB specificity groups. Plasmids of ColE2-CA42, ColE3-CA38, and ColE5-099 groups possess an insertion of a stretch of nine amino acids (insertion A in Fig. 3) , plasmids of the ColE2-P9 group possess an insertion of two amino acids (insertion B), and plasmids of the ColE5-099 group also possess an insertion of a stretch of four amino acids (insertion C). For plasmids of the ColE2-CA42 group, a portion of the C-terminal region (position 270 to the terminus) is quite different from those of plasmids of other IncB specificity groups. Thus, the C-terminal regions seem to play an important role in plasmid-specific interaction of the Rep protein with the origin.
There are two amino acid sequences which show some homologies to the sequence-specific DNA-binding domains (helix-turn-helix motif): one in the region around the site of insertion C (starting at position 249 of ColE2-P9 Rep protein), which is homologous to E. coli LexA (30) and bacteriophage immunity repressors, including P22 c protein (45) as described previously (23) (Fig. 3) , and the other in the region to the left of the position of insertion B in plasmids of ColE2-P9, ColE3-CA38, and ColE5-099 types, which is homologous to the putative sequence-specific DNA-binding domains (42) of Klebsiella pneumoniae NtrC (16) and Rhizobium leguminosarum DctD (52) proteins (Fig. 4) . These sequence features might suggest that the C-terminal regions of the Rep proteins contain the plasmid-specific DNA-binding domains.
The consensus amino acid sequence motif (EGYhD; h for hydrophobic aliphatic amino acid residues) for prokaryotic DNA primases (46) (26) , with about 30% identical amino acids through almost the entire regions of these proteins. We were, however, unable to find any sequence homology between the putative origin regions of these plasmids and the origins of ColE2-P9 and ColE3-CA38.
The incB/origin regions. The regions of these ColE2-related plasmids just next to the putative Rep coding regions are quite homologous to the origin regions of ColE2-P9 and ColE3-CA38 (Fig. 5) . In particular, the nucleotide sequences of the right-half portions, where the primer RNA is synthesized, the leading-strand DNA synthesis starts, and the lagging-strand DNA synthesis terminates in ColE2-P9, are identical (68) . Thus, it is strongly suggested that these regions are the origins of replication.
The nucleotide sequences of the left-half regions of the (putative) origin regions in plasmids of the same IncB specificity groups are identical, but those in plasmids of different IncB specificity groups are different. In ColE2-P9 and ColE3-CA38, a deletion or insertion of an A-T base pair in the middle (site a in Fig. 5 ) determines the specificity of interaction of the Rep proteins and the origins required for initiation of DNA replication (80) . The origins of these two plasmids also differ by an insertion or deletion of a G * C base pair at the left end (site 1). Combinations of the sites a and 1B from the same plasmids is important for the normal efficiency of interaction of the Rep proteins and the origins (19a). The origins of plasmids of the ColE3-CA38 and ColE5-099 groups differ only by a deletion or insertion of an A * T base pair and an adjacent G-to-A substitution (site My). Thus, combinations of sites a, A, and -y seem to determine the specificity among plasmids of these three groups. The single base pair insertion or deletion at each of sites a, A, and y in the origins apparently corresponds to the presence or absence of each of the amino acid sequences, insertions A, B, and C, respectively, in the Rep proteins. The left-half regions of the origins of plasmids of the ColE2-CA42 IncB specificity group are considerably different from those of other plasmids, which apparently corresponds to the differences in the amino acid sequences in the C-terminal regions of the Rep proteins. Such a correspondence might be the basis for determination of the specificity of the Rep protein-origin binding.
Two direct repeat sequences of 9 bp (5'-APyCAPuATAA-3') in the origin regions are conserved among plasmids of the ColE2-P9, ColE3-CA38, and ColE5-099 IncB specificity groups, which are separated from each other by 5, 6, and 7 bp, respectively. The sequence might be the recognition and binding sequence for the Rep proteins. In plasmids of the ColE2-CA42 IncB specificity group, the sequence on the right side is identical to those of the other plasmids, while the sequence on the left side is considerably different.
The incA regions. The promoter sequences (the -35 and -10 regions) for the Rep mRNA and RNA I of ColE2-P9 and ColE3-CA38 are conserved in all the other plasmids (Fig. 2) .
The long inverted repeat sequences with an A stretch which specify the termination signal for transcription of RNA I are also structurally conserved. All of these features strongly suggest that small RNAs complementary to the 5' untranslated regions of the Rep mRNAs are specified in these regions and that they are the incA gene products, regulating the expression of the rep genes, as shown for ColE2-P9 (62, 70, 81) .
Stem-and-loop structures of antisense RNAs. The long stem-loop structure (structure I') of RNA I which has been shown to be important for regulation of the rep gene expression in ColE2-P9 (62, 70) is structurally conserved in putative RNA I molecules of plasmids of the other four IncA specificity groups, whereas the shorter stem-loop structure (structure II') is missing (Fig. 6 ). This might suggest that structures II' are not essential for the regulation of expression of the rep gene.
The nine-nucleotide sequences (5'-UCUUGGCGG-3') around the loop regions are conserved in all of the sequenced ColE2-related plasmids of the different IncA specificity groups except for plasmids of the ColE2-CA42 IncA specificity group, which contains a single base substitution (Fig. 6 ). For plasmids of the ColE5-099 and ColE9-J IncA specificity groups, the 22-nucleotide regions in and around the loop regions are identical, and for plasmids of the ColE2imm-K317 and ColE5-099 IncA specificity groups, the 18-nucleotide regions at the 5' ends are identical. Nevertheless, supply of excess RNA I from the cloned incA regions did not raise the copy numbers of plasmids of the different IncA specificity types (data not shown), suggesting that the interaction of heterologous RNA I with the Rep mRNA, which could interfere with the homologous RNA I-Rep mRNA interaction, did not occur (71) . A bulge loop and/or an interior loop is located in the stem region close to the loop portion. Such a structure might be required for a proper presentation of the loop sequences involved in the initial interaction of the two RNAs (18, 47) , or instability of the stem might be required for its melting to provide additional nucleotides for pairing between the two RNAs after initial interaction at the loop tops (58) . For ColE2-P9, some single base pair substitutions predicted to cause stabilization as well as those predicted to cause destabilization of the stem structure next to the loop portion of structure I' drastically decreased the efficiency of RNA-RNA interaction (62) and the efficiency of inhibition of the rep gene expression by RNA I (70) .
Many of the prokaryotic RNAs which are known or suggested to be antisense RNAs and/or their target RNAs have nucleotide sequences at the loop regions of the stem-loop structures similar to those of ColE2-related plasmids (Table 2 ). In particular, many of the antisense RNAs or their targets involved in regulation of replication of plasmids possess the sequence 5'-UUGGCG(G)-3' or its complementary sequence at the loop regions. The initial interaction of the antisense RNAs and the target RNAs of all of these plasmids probably occurs between the identical complementary sequences, suggesting not only a common mechanism but also an evolutionary significance of the particular nucleotide sequences in RNA-RNA interaction.
A possible mechanism of inhibition of rep gene expression by antisense RNAs. The 5'-end portion of putative RNA I of each of these ColE2-related plasmids does not cover the putative initiation codon of the Rep mRNA and a 15-nucleotide region upstream of the initiation codon (Fig. 2) . This 6 . Secondary structures of (putative) RNA I molecules of plasmids of the five IncA specificity types predicted by a method described elsewhere (73) . The conserved sequences around the loop portions are shown by outlined letters, and the single nucleotide substitution in the loop portion of ColE2-CA42 type is shown by a boldface letter. (3, 10) (Fig. 7) . The (22a) . All of these features strongly suggest that the same host site-specific recombination system is involved in stable maintenance of plasmids by host bacteria through resolution of multimers to monomers at the cer-like sites of these plasmids, just as in ColEl-like plasmids.
CoIE2-P9
Evolution of ColE2-related replicons. All of these ColE2-related plasmids seem to have been derived from a common ancestor. We identified five IncA specificity groups and four IncB specificity groups among them (Table 1) . Nine combinations (among 20 possible combinations) of the IncA and IncB specificity types were found among these plasmids, which could be the consequences of independent changes in the IncA and IncB specificity types. There could be, however, an alternative possibility.
On the basis of the pattern of distributions of the nucleotide sequence homology, the minimal replicon regions may be roughly divided into four subsegments (Fig. 8) . Subsegments 1 (around positions 100 to 210 of ColE2-P9 in Fig. 2 (Fig. 8) . The mosaic structures might be seen in the entire genomes of these plasmids, as the patterns of combinations of the Inc specificity types in the replicon regions are apparently not linked to the species (ColE2 to E9) and types (DNase or RNase) of colicin proteins encoded by these plasmids (Table 1) .
Somewhat similar structural organizations with alternating homologous and nonhomologous segments have been found in the replicon regions of several ColEl-type plasmids (57, 82) and of a few plasmids of IncF and IncI groups (34, 48, 53, 54) and in the entire genomes of several lambdoid phages (see reference 5 for a review) and of several staphylococcal plasmids (49) . It ColE2imm-K317 and ColE7-K317 (35, 75) and ColE8-J and ColE9-J (12), respectively, were originally carried by the same E. coli strains. We found that ColE6-CT14 (and also ColE6-Ind8) is a natural composite plasmid consisting of a ColE2-related replicon and another replicon. Natural composite plasmids were often found in many drug resistance plasmids, such as those of IncF groups (13) . ColE3-CA38 and ColE6-CT14 carry additional immunity genes against the colicin E8 protein (7, 32) . ColE9-J carries the imm gene and hic gene of ColE5-099 in addition to its own genes (8, 14) , and a remnant 
